Sulfuric acid (H 2 SO 4 ) is the seed molecule for formation of stratospheric sulfate aerosol layer that assists ozone depletion by activation of halogen species. The impact of increased stratospheric sulfate aerosols due to large volcanic eruptions and possible side effect claimed in the geoengineering scheme of global climate using man-made injected stratospheric sulfate aerosols is ozone depletion. Given that both volcanic eruptions and geoengineering scheme are ultimately connected with increased upper stratospheric concentrations of H 2 SO 4 , here we show by theoretical approach that the pressure-independent H 2 SO 4 + O( 1 D) insertion/addition reactions via barrierless formation of peroxysulfuric acid (H 2 SO 5 ) or HSO 4 + OH radicals or sulfur trioxide (SO 3 ) + hydrogen peroxide (H 2 O 2 ) molecules are the potential routes towards H 2 SO 4 loss above the stratospheric sulfate aerosol layer, and for the regeneration or transportation of consumed lower-middle stratospheric OH radical in the upper stratosphere at the cost of O( 1 D)/ozone.
T he highly dispersed microscopic particles in stratospheric aerosol layer play an important role in the stratospheric ozone depletion, and affect the Earth's climate by absorbing and scattering the solar-radiation [1] [2] [3] [4] [5] [6] [7] . It is believed that this layer (Junge layer) is composed of mainly the sulfuric acid (H 2 SO 4 ) and water (H 2 O) molecules to form the sulfate aerosols or droplets. Similarly, the sulfate aerosols and other atmospheric aerosols resulting from various inorganic and organic species in troposphere also play an important role in degrading visibility, promoting heterogeneous chemistry through atmospheric chemical reactions, as well as negatively impacting human health [8] [9] [10] [11] [12] . It is seen from the chemical composition of aerosol particles in the Earth's atmosphere that the H 2 SO 4 among various species is the most important precursor for the formation of aerosol particles at a wide range of altitudes including both the troposphere and stratosphere 1, [8] [9] [10] [11] [12] . Indeed, the nucleated aerosol particles from trace atmospheric vapors are expected to provide~45% or more of global cloud condensation nuclei (CCN) [11] [12] [13] . Consequently, the H 2 SO 4 molecule becomes of major importance in atmospheric chemistry−which has led to many studies investigating its formation, decomposition and its crucial role as a nucleating species for aerosols and cloud formation [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The most abundant sulfur molecules in the Earth's atmosphere at altitudes above 35 km or above the stratospheric sulfate aerosol layer or ozone layer are H 2 SO 4 and sulfur dioxide (SO 2 ) [23] [24] [25] . Moreover, the seed molecule for the formation of stratospheric sulfate aerosols, which assist ozone depletion through activation of halogen species, especially after volcanic eruptions, is H 2 SO 4 [26] [27] [28] [29] . The H 2 SO 4 above 35 km altitude is formed from the surface of stratospheric sulfate aerosol layer via evaporation 1, 4, [23] [24] [25] . Hence, the decomposition mechanisms of H 2 SO 4 in upper stratosphere or above 35 km altitude are the potential routes towards the degradation of enhanced stratospheric sulfate aerosols that assist ozone depletion after volcanic eruptions.
In the quest for an answer to the question about the decomposition of H 2 SO 4 molecule in the Earth's upper stratosphere, the visible solar radiation (hν) pumping photolysis of H 2 SO 4 vapor (H 2 SO 4 + hν → SO 3 + H 2 O) is the potential mechanism. This mechanism has been proposed by Vaida et al. 17 in 2003, and absorption of visible sunlight by the H 2 SO 4 molecule is the prerequisite step for the occurrence of its unimolecular decomposition [17] [18] [19] . This visible photolysis mechanism via direct formation of sulfur trioxide (SO 3 ), an important molecule in atmospheric sulfur cycle, explains not only the decomposition of H 2 SO 4 in the upper stratosphere; but also satisfy model requirements that explains the field observations of the SO 2 vertical profiles at higher altitudes 19 . Similarly, the dominant photo-dissociation mechanism of H 2 SO 4 above 70 km altitude is the absorption of Lyman−α radiation by high energy Rydberg excited states 30 SO 5 in the first step. Moreover, the reactions are highly exothermic, and because of the large exothermicities, the adducts or H 2 SO 5 formed in the first steps of Channel-I to III are expected to undergo further unimolecular isomerizations or decompositions followed by isomerizations to form various other product molecules. It is also seen from our calculations that the H 2 SO 5 is the most stable product molecule and the formations of H 2 SO 5 or SO 3 + H 2 O 2 are energetically the most favorable pathways.
In Fig. 1 , we present the CCSD(T)/aug-cc-pVTZ level predicted potential energy diagrams of energetically the most favorable paths of three channels that produce either the H 2 SO 5 or SO 3 + H 2 O 2 molecules, especially, to understand the potential atmospheric impact of H 2 SO 4 + O( 1 D) insertion/addition reactions with respect to visible solar radiation pumping photolysis of H 2 SO 4 . The M06-2X/aug-cc-pVTZ level optimized geometries of various species, especially the adducts, transition states (TSs) and product molecules, involved in the potential energy diagrams have also been shown in the Fig. 1 . The potential energy diagrams with various interconnectivities between the above-mentioned insertion/addition reactions via the Channel-I to III and the optimized geometries of the species involved in potential energy diagrams have been shown in the Supplementary Figs. 1 and 2 . Importantly, it is worth noting here that our main focus is on the upper stratospheric loss of H 2 SO 4 molecule through its decomposition into all possible products, while H 2 SO 4 is the perpetrator for the formation stratospheric sulfate aerosol layer involved in ozone loss. From Fig. 1 Table 3 ). Because of this prediction, we further perform the CASPT2//CASSCF calculations (Supplementary Note-1), and the predicted unimolecular barrier heights for the Ad-I → H 2 SO 5 −I conversion at the CASPT2(12,12)/aug-cc-pVDZ and CASPT2(12,12)/aug-cc-pVTZ levels are respectively~2.7 and~2.1 kcal mol −1 ( Supplementary  Fig. 3 and Supplementary Table 4) . Therefore, when we consider both the CCSD(T) and CASPT2 levels of calculations, energetically the most favorable path in the Channel-I is the formation of SO 3 + H 2 O 2 via TS-IA, as mentioned above.
Similarly, we also note that while the formation of H 2 SO 5 in Channel-II occurs via the formation of another adduct intermediate (Ad-II), the formation of H 2 SO 5 in Channel-III occurs directly without formation of any adduct compound. It is to be noted here that Ad-I and Ad-II are different with respect to their geometries (Fig. 1) . Moreover, the H 2 SO 5 formed via Channel-III is a different conformer with respect to the identical H 2 SO 5 conformers formed in Channel-I and II (Fig. 1) Supplementary Fig. 3 ) and −42.6 kcal mol −1 , respectively.
In contrast, as mentioned above that the formation of H 2 SO 5 −II in the Channel-III is a direct process, and H 2 SO 5 −II is~82. 6 Supplementary Fig. 1 ). It should also be noted here that energetically the most favorable path in the Channel-I is the formation of SO 3 + H 2 O 2 via TS-IA, as mentioned above. Indeed, because of such energetics in the Channel-I to III, the kinetic analysis at standard pressure of 1 bar (see below, and Supplementary Note-1 and 2) shows that the first steps in the H 2 SO 4 + O( 1 D) insertion/addition reactions control the overall reactions for the formation of various stable product molecules. In other words, at standard pressure of 1 bar, the overall rate constants of the insertion/addition reactions (k) are basically the rate constants associated with the first steps of the insertion/addition reactions (k 1 ) or (k = k 1 ). Moreover, we also point out here that the populations of various product species in H 2 SO 4 + O( 1 D) reactions depends upon the potential depths of those species in the potential energy diagrams and certainly on the surrounding environments. For example, if these reactions occur in supersonic jet environments with a carrier/buffer gas expansion, the population of H 2 SO 5 −II is expected to be highest, especially, for the Channel-II and III. This follows as the H 2 SO 5 −II is not only the most stable product molecule in the reactions but also prevented by large (~35.3 kcal mol − 19 . Hence, the results reported here provide clearly that the insertion/addition reactions compete equally with the photolysis mechanism, especially, towards H 2 SO 4 decomposition or loss in the upper stratosphere.
In addition, the possible geoengineering scheme to ease the global warming aspect of climate change is believed through the deliberate injection of stratospheric sulfate aerosol particles of right size [2] [3] [4] [5] [6] [7] . This follows as the injected aerosol particles would reduce the Earth's radiative balance through scattering of solarradiation back into the space. However, a number of studies have also addressed the question of possible side effect on stratospheric ozone loss 2, 3, [5] [6] [7] . Similarly, the volcanic eruptions also accelerate the stratospheric ozone destruction 2, [26] [27] [28] [29] 41 . We find that excess stratospheric sulfate aerosol particles due to both the volcanic eruptions and geoengineering scheme (if applied) are connected with the increase of H 2 SO 4 concentrations in the upper stratosphere, as the stratospheric sulfate aerosol particles/droplets evaporate to their seed H 2 SO 4 molecule and H 2 O at~35 km altitude 1, 4, [23] [24] [25] . Basically, both these two mechanisms/processes depending upon the seasons will gradually and eventually produce an excess amount of H 2 SO 4 molecules in the upper stratosphere; considering the fact that the most abundant sulfur molecules through atmospheric sulfur cycle at altitudes abovẽ 35 26, 42, 43 . In this scenario, or due to the geoengineering scheme by extension in future and other natural sources 42 including some other manmade activities, if we suppose one to two orders of magnitude enhancement of H 2 SO 4 concentration within the 30−40 km altitude of Earth's atmosphere, the ν O(1D) in the same altitude range becomes either~10 atoms s −1 cm −3 (for one order of increase) or~98 atoms s −1 cm −3 (for two orders of increase), while the average steady-state concentration of O( 1 D) is~110 atoms cm −3 . Hence, the timescale required to consume the steady-state concentration of O( 1 D), resulting from the background atmospheric concentration of ozone, becomes significantly shorter when H 2 SO 4 concentrations are enhanced by one to two orders of magnitude with respect to its background atmospheric concentration. Also, at the same time, the production rates of O( 1 D) resulting from the background atmospheric concentrations of ozone in the same altitude range via photolysis is very much constant. It is to be noted here that the solar photon intensity for the photolysis of O 3 can assume to be constant at any particular daytime and over the wavelengths regions at which photolysis of O 3 occurs to produce fresh O( 1 D), although some solar light will definitely be scattered because of excess concentrations of H 2 SO 4 . Hence, the overall effect due to enhancement of H 2 ) is not known yet in the upper stratosphere, the ozone loss is expected to occur at the upper edge of ozone layer (~30 km altitude), as the transportations of ozone (Product) and O 2 + O( 3 P) (Reactants) of the O 2 + O( 3 P) → O 3 reaction from the upper edge of ozone layer to higher altitudes is expected to be the effective mechanism by which the concentrations of O( 1 D) in upper stratosphere will be maintained at their steady-state/equilibrium values. In addition, we also note that similar to the above-mentioned mechanism, the simultaneous occurrence of H 2 SO 4 + O( 1 D) addition/insertion reactions and other similar O( 1 D)−insertion/ addition reactions involving molecules like CH 4 , HCl, etc. 34, 35, 44, 45 are expected to play vital role in ozone depletion, particularly, if the upper stratospheric concentrations of these species increase significantly from their equilibrium background atmospheric concentrations.
It should also be noted here, while the loss of excess H 2 SO 4 molecule formed from the surface of stratospheric sulfate aerosols at~35 km altitude is essential in healing the ozone depletion, the loss of same H 2 SO 4 , resulting from the same stratospheric sulfate aerosol layer, also occurs in presence of O( 1 D) produced from the ozone. Therefore, as the H 2 SO 4 is the most abundant sulfur molecule in upper stratosphere (35-50 km) [23] [24] [25] , the present H 2 SO 4 + O( 1 D) insertions/additions are expected to be an important mechanism in altering the upper stratospheric ozone chemistry both with respect to ozone depletion and healing, especially, after a significantly large volcanic eruption. It is worth noting here that the reactions involving O( 1 D) are indispensable in the stratospheric loss processes for various ozone depleting substances [34] [35] [36] 46 and the primary source of O( 1 D) in upper stratosphere is ozone that coexists with the H 2 SO 4 and sulfate aerosols, and decompositions or loss of H 2 SO 4 are the potential routes towards the degradation of stratospheric sulfate aerosol layer. It should also be noted here that the industrial chlorofluorocarbons and other halogenated compounds that cause ozone depletion are expected to be reduced under the Montreal Protocol, and volcanic eruptions that enhance the formation of stratospheric sulfate aerosols are interfering with the ozone healing process episodically 28, 41 .
It has been mentioned earlier that the reactions between upper stratospheric H 2 SO 4 20, 21, 25, 35, [47] [48] [49] [50] , the decomposition or loss of same excess H 2 SO 4 above the stratospheric sulfate aerosol layer is expected to regenerate both the aforementioned consumed SO 2 and OH radical in the upper stratosphere, especially, to bring back the equilibrium background atmospheric condition in prolonged timescale after a significantly large volcanic eruptions. In this circumstance, we also note that the present H 2 SO 4 + O( 1 D) reactions through barrierless formation and subsequent photolysis of H 2 SO 5 and H 2 O 2 + SO 3 molecules have the potential to regenerate both the OH radical [51] [52] [53] [54] and SO 2 finally above the stratospheric sulfate aerosol layer. It should be noted here that the HO X also catalyzes the ozone loss, and a significant amount of OH radical (involved in HO X ) is expected to be transported from the lower-middle stratosphere to upper stratosphere because a significantly large volcanic eruption injects huge amount of SO 2 in the Earth's stratosphere 25, 29, 42, 43 . Thus, this new mechanism involving H 2 SO 4 and O( 1 D) can definitely impact our understanding of H 2 SO 4 decomposition or loss chemistry beyond the facts that have been thought before through its photolysis in upper stratosphere or above the ozone layer in the Earth's atmosphere.
Discussion
In the hunt of atmospheric sinks of H 2 SO 4 , the present study suggests that the O( 1 D)−insertion/addition reaction mechanism is competitive with the H 2 SO 4 visible photolysis in the upper stratosphere. Consequently, we conclude that the barrierless fast H 2 SO 4 + O( 1 D) insertion/addition reactions as the potential routes for upper stratospheric loss of H 2 SO 4 molecule. In addition, we also find that the barrierless fast H 2 SO 4 + O( 1 D) insertion/addition reactions are the important mechanism in altering the upper stratospheric ozone chemistry both with respect to ozone depletion and healing, especially, after a significantly strong volcanic eruptions, as ozone that produces O ( 1 D) in presence of sunlight coexists with H 2 SO 4 resulting from sulfate aerosols. It is worth noting here that our conclusion, particularly, about the involvement of H 2 SO 4 + O( 1 D) insertions/additions mechanism with ozone depletion is not only based upon the reasonable assumption that a few orders of magnitude enhancement of loaded stratospheric sulfuric acid aerosols due to a significantly large volcanic eruption 26, 42, 43 may enhance one to two orders of magnitude H 2 SO 4 concentration within the 30−40 km altitude; but also because a significant amount of OH radical, involved in the HO X radical family that catalyzes ozone depletion, is expected to be transported from the lower middle stratosphere to upper stratosphere. We also point out here that the above-mentioned insertion/addition reactions might be an important route for the formations of various sulfur containing molecules and H 2 O 2 in outer space, especially, in the Venus with respect to existence of both the ozone and large amount of H 2 SO 4 55-57 .
Methods
Computational methods. Quantum chemistry calculations at the M06-2X level of theory in conjunction with the aug-cc-pVDZ and aug-cc-pVTZ basis sets have been performed using Gaussian-09 suite of program 58 44, 45, [60] [61] [62] , especially, when the low translation energy of O( 1 D) is considered, relevant to our present study. Hence, the calculations in the ground electronic state for the H 2 SO 4 + O( 1 D) reaction system have been performed with closed-shell or open-shell approximations depending upon the spin multiplicities of both the reactants and products involved in the reactions. Moreover, the geometry optimizations are performed at the M06-2X level of theory using Schlegel's method 63 with a self consistent field convergence of at least 10 −9 of the density matrix. The residual root-mean-square (rms) forces were < 1 × 10 −4 au, and TSs have been located using the QST2/QST3 and OPT = TS routines. Intrinsic reaction coordinate (IRC) calculations are performed at the M06-2X/aug-cc-pVDZ level of theory to explicitly verify that the reactants and products are connected with located TSs. In order to improve the estimates of reaction energetics for all the reactions, we also carry out single point energy calculations at the CCSD(T)/aug-cc-pVTZ level using the M06-2X/aug-cc-pVTZ level optimized geometries. We also calculate the T 1 diagnostic 64,65 for each stationary points and transitions states in the potential energy diagram to understand whether the species involved in the reaction mechanism are of single or multireference in characters (Supplementary Note-1, Supplementary Table 4 and Supplementary Figures 3-4) . For the closed-shell systems, the T 1 diagnostic value larger than 0.020 implies that the single reference methods may not give reliable predictions. Similarly, the T 1 diagnostic cut off value for an open-shell system is 0.045. It is seen from our calculations that two TSs and SO 2 (possible product molecule in the exit channel) in the potential energy diagrams of insertion/addition reactions are multi-reference in characters according to the T 1 diagnostic values at CCSD(T)/aug-cc-pVTZ level of calculations (Supplementary Note-1). Therefore, we also perform CASPT2//CASSCF calculations for the TSs of multi-reference character and stationary points of single reference character, especially, which are directly connected with the above-said TSs of multi-reference character (Supplementary Note-1). The CASPT2//CASSCF calculations have been performed using MOLCAS@UU package 66, 67 . Normal mode vibrational frequencies have been used to estimate the zero point vibration energy (ZPE) corrections for the reactants, products and TSs. The computed total electronic energies (E total ), ZPE corrected electronic energies [E total (ZPE)] for the monomeric species, dimeric complexes, adducts and the TSs at the M06-2X and CCSD(T) levels of theory are given in Supplementary Table 1 . Normal mode vibrational frequency analyses have been performed for all the stationary points to verify that the stable minima have all positive vibrational frequencies and that the TSs have only one imaginary frequency (Supplementary Table 2 ). In addition, we also perform various calculations at UCIS, CASSCF and TDDFT levels of theories in conjunction with the cc-pVDZ and aug-cc-pVDZ basis sets to understand to stability of ground state optimized 
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